Laboratory-selected Bacillus thuringiensis-resistant colonies are important tools for elucidating B. thuringiensis resistance mechanisms. However, cotton bollworm, Helicoverpa zea, a target pest of transgenic corn and cotton expressing B. thuringiensis Cry1Ac (Bt corn and cotton), has proven difficult to select for stable resistance. Two populations of H. zea (AR and MR), resistant to the B. thuringiensis protein found in all commercial Bt cotton varieties (Cry1Ac), were established by selection with Cry1Ac activated toxin (AR) or MVP II (MR). Cry1Ac toxin reflects the form ingested by H. zea when feeding on Bt cotton, whereas MVP II is a Cry1Ac formulation used for resistance selection and monitoring. The resistance ratio (RR) for AR exceeded 100-fold after 11 generations and has been maintained at this level for nine generations. This is the first report of stable Cry1Ac resistance in H. zea. MR crashed after 11 generations, reaching only an RR of 12. AR was only partially cross-resistant to MVP II, suggesting that MVP II does not have the same Cry1Ac selection pressure as Cry1Ac toxin against H. zea and that proteases may be involved with resistance. AR was highly cross-resistant to Cry1Ab toxin but only slightly cross-resistant to Cry1Ab expressing corn leaf powder. AR was not cross-resistant to Cry2Aa2, Cry2Ab2-expressing corn leaf powder, Vip3A, and cypermethrin. Toxin-binding assays showed no significant differences, indicating that resistance was not linked to a reduction in binding. These results aid in understanding why this pest has not evolved B. thuringiensis resistance, and highlight the need to choose carefully the form of B. thuringiensis protein used in experiments.
Transgenic cotton expressing Bacillus thuringiensis Cry1Ac (Bt cotton) has been used commercially in the United States since 1995 (10) , and the area under Bt cotton production has steadily increased over that period (22) . Bt cotton provides excellent control of many lepidopteran pests of cotton and thereby exerts tremendous selection pressure for resistance. Concerns regarding resistance to Bt cotton and Bt corn have led the U.S. Environmental Protection Agency to mandate Insect Resistance Management (IRM) strategies for all target pests of Bt crops (11) . Perhaps partly because of these IRM strategies, there has yet to be a case of field resistance to Bt cotton after 10 years of intense cultivation (4) .
In the United States, tobacco budworm, Heliothis virescens F., pink bollworm, Pectinophora gossypiella (Saunders), and cotton bollworm, Helicoverpa zea (Boddie) are the three major target pests of Bt cotton. Although current Bt varieties express a high dose of Cry1Ac against H. virescens and P. gossypiella, it is still not sufficient to kill all H. zea (21) . In particular, high H. zea population pressure and varied expression of Cry1Ac in different cotton tissues associated with plant age and stress can result in increased H. zea larval survival (1, 19, 21) . H. zea is highly polyphagous and can be a major pest in field corn and is the key pest in sweet corn in many areas. Therefore, H. zea also is exposed to Cry1Ab in Cry1Ab-expressing Bt corn, which is similar in structure (Ͼ90% amino acid similarity) (8) and mode of action to Cry1Ac. Cross-resistance to Cry1Ab has been reported in populations of Helicoverpa armigera (2) , H. virescens (17) , H. zea (33) , P. gossypiella (45, 46, 48) , and Trichoplusia ni (51) . These factors increase the likelihood of resistance development to Bt cotton by H. zea (6, 33) .
Cry1Ac resistance in Bt cotton pests such as H. virescens (17, 18) and P. gossypiella (45, 46, 48) is relatively well studied, using populations selected in the laboratory with MVP II (a commercial formulation containing Cry1Ac protoxin inclusion bodies encapsulated in Pseudomonas fluorescens cells), and these results have helped formulate nationwide IRM strategies. However, these IRM strategies may not be optimal for H. zea because B. thuringiensis resistance mechanisms, and other factors can be different in different insect species (14, 20) . Therefore, it is of great interest to establish a Cry1Ac-resistant H. zea population to examine mechanisms of B. thuringiensis resistance, patterns of cross-resistance and other parameters in this insect.
Several attempts at selecting for Cry1Ac resistance in H. zea using MVP II have been met with limited success (R. E. Jackson [U.S. Department of Agriculture Agricultural Research Service, Stoneville, MS], personal communication; W. J. Moar, unpublished data) . Possible reasons for this limited success include (i) the fitness costs involved with resistance to the Cry1Ac protoxin or other compounds in MVP II or (ii) the allele frequency for MVP II resistance being very low (6) . Furthermore, resistance selection using MVP II may not adequately reflect Cry1Ac resistance selection to H. zea in planta because although Bt cotton expresses full-length solubilized Cry1Ac protoxin (39) , it is at least partially activated to toxin by plant proteases immediately upon plant cell disruption. This observation is similar to Cry1Fa in cotton, where the fulllength protoxin is expressed, but only activated toxin is recovered from plant tissue (16) . Besides the use of MVP II, other Cry1Ac forms or preparations have also been used for resistance selection, including E. coli containing Cry1Ac inclusion bodies, B. thuringiensis Cry1Ac protoxin crystals with spores, and Cry1Ac activated toxin (2, 28, 33, 53) . However, it is not known whether there are differences between these different Cry1Ac forms in terms of resistance selection as it pertains to Bt cotton. Insect susceptibility to B. thuringiensis proteins may vary with the form of B. thuringiensis protein ingested, especially in B. thuringiensis-tolerant species, and the form of the B. thuringiensis protein used may have a dramatic impact on the resulting B. thuringiensis resistance mechanism(s) (26, 34, 38) .
We report here for the first time that moderately high and stable resistance to Cry1Ac toxin has been attained in H. zea, and this resistance has at least been partly characterized. This strain has differential susceptibilities to various forms of Cry1Ac and Cry1Ab, is still susceptible to cypermethrin and, unlike in most Cry1Ac-resistant insects, resistance does not appear to be due to alterations in receptor binding (14, 20) .
MATERIALS AND METHODS

Insect strains.
A laboratory susceptible colony of H. zea (SC) was established in September 2004 from a laboratory colony from Monsanto (Union City, TN). The culture at Monsanto is annually infused with insects collected from corn. Insects were reared on pinto bean-based artificial diet at 27 Ϯ 1°C with a photoperiod of 14:10 h (light-dark) (35) .
Bt proteins and pyrethroids. An Escherichia coli strain expressing Cry1Ac protoxin from B. thuringiensis subsp. kurstaki strain HD-1 (provided by L. Masson, Biotechnology Research Institute, National Research Council, Montreal, Quebec, Canada) was cultured, and the activated toxin was prepared as indicated elsewhere (34, 40) . Cry2Aa2 protoxin was prepared as described by Moar et al. (34) . Cry1Aa (B. thuringiensis EG1273), Cry1Ab (B. thuringiensis EG7077), and Cry1Ac (EG11070) clones were provided by Ecogen, Inc. (Langhorne, PA), and were used to prepare trypsin-activated toxins as described by Estela et al. (12) . MVP II and lyophilized corn leaf powder containing Cry1Ab (229.55 g/g) and Cry2Ab2 (6 mg/g) were supplied by Monsanto (St. Louis, MO). MVP II is a formulated, freeze-dried powder containing 19.1% Cry1Ac protoxin inclusion bodies encapsulated in P. fluorescens. Vip3A (100% active, salt-free) was supplied by Syngenta (Greensboro, NC). A representative pyrethroid, cypermethrin, cyano(3-phenoxyphenyl) methyl 3-(2,2-dichloroethenyl)-2,2-dimethylcyclopropanecarboxylate (92% active ingredient PL86-172) was supplied by FMC Corp. (Philadelphia, PA).
Selection experiments. Selection experiments were initiated after four generations of rearing SC and generating baseline susceptibility values for Cry1Ac toxin and MVP II.
Two strains of H. zea were selected for Cry1Ac resistance on artificial diet (MR and AR, discussed below). B. thuringiensis protein concentrations were prepared in distilled water and mixed thoroughly 20:80 (wt/wt) with artificial diet when the diet temperature was Ͻ60°C and poured onto selection trays. Microtiter plates (96 and 384 wells) were used as selection arenas. Typically at least 2,000 neonates were used for selection for each of the first three generations followed by at least 1,000 neonates for most subsequent selections. Individual neonates were exposed to MVP II (MR) or Cry1Ac toxin (AR) for 7 days; only larvae that molted (based on larval head capsule size) were selected and reared to pupation on diet containing no B. thuringiensis protein.
AR was selected at 50 (generation 1), 80 (generations 2 and 3), and 200 (generations 4 and 5) g of Cry1Ac activated toxin/g. After five generations, selection concentration was increased to 500 g/g and was not increased further due to limited supply of toxin; for every 60 g of diet, 30 mg of activated toxin was required. AR was selected for resistance every generation; currently, this strain is under its 25th generation of selection. Preliminary experiments showed that MVP II was two-to threefold less toxic than Cry1Ac toxin. Therefore, MR was selected at 100 (generation 1), 200 (generation 2), 500 (generations 3 to 5), and 1,000 (generations 6 to 8) g of Cry1Ac in MVP II/g of diet. Selection of MR could not be continued beyond eight generations due to suboptimal larval number (reduced hatching percent), ultimately leading to the loss of the strain after generation 11.
Testing resistance. At selected generations, diet incorporation bioassays were conducted concurrently for SC and resistant strains to determine resistance levels. Five to seven concentrations of B. thuringiensis compounds were incorporated into artificial diet as described above and assayed against neonates (0 to 16 h old). Each B. thuringiensis compound-diet concentration was poured into 16 to 32 wells of a 128-well CD International bioassay tray (CD International, Pitman, NJ). One "active" neonate was loaded per well and covered with ventilated covers (CD International), and the bioassay trays were incubated at 27 Ϯ 1°C and 60% relative humidity with a photoperiod of 14:10 h (light-dark). Assays were rated after 7 days; dead and first-instar larvae were considered as dead (3). Bioassays were replicated at least three times.
Cross-resistance to MVP II. Initial LC 50 (i.e., concentration required to kill 50% of the population) values generated for SC against Cry1Ac activated toxin and MVP II at generation 0 indicated a 2.9-fold increase for MVP II (Table 1 ). Based on these observations, similarly higher 50% lethal concentration (LC 50 ) values for AR were expected when tested against MVP II compared to 1Ac toxin. To test this assumption, bioassays were conducted with AR using MVP II after 7, 11, and 16 generations of selection and concurrently with Cry1Ac toxin. After the LC 50 values were calculated from probit analysis, ratios of the LC 50 values for MVP II and activated Cry1Ac toxin were generated for AR and SC ( Table 2) .
Cross-resistance to other B. thuringiensis proteins and cypermethrin. Tests for cross-resistance to other Cry proteins (Cry1Ab toxin, Cry1Ab-corn powder, Cry2Aa2, and Cry2Ab2-corn powder), Vip3A, and cypermethrin were conducted between generations 15 and 20 of selection (resistance ratio [RR] of ϳ100-fold). The expression level of Cry1Ab and Cry2Ab2 in corn tissue was too low to obtain sufficient mortality; therefore, growth rates on diets containing a range of concentrations were used. The mean larval weight was recorded, and the percent weight loss (compared to the untreated control) in different concentrations of B. thuringiensis proteins was calculated considering mean larval weight in the untreated control to be 100%.
AR and SC larvae were reared to third instar (8.32 Ϯ 1.29 mg) on untreated diet diluted with 20% water and treated topically on the thoracic terga with 0.5 l of acetone only (control) or 0.5 l of acetone with a range of cypermethrin concentrations (49) . Twelve larvae were tested per concentration; treated larvae were transferred to 24-well bioassay trays containing diet. In addition, 10 AR larvae (weight, 7.83 Ϯ 1.46 mg) from Cry1Ac selection (500 g/g of diet) were treated at 1.99 ng/mg body weight. Mortality was assessed after 24 h. All treatments were replicated three times, and each replication consisted of a total of seven concentrations and a control except as described above. Lethal doses were calculated by using probit analysis (Polo Plus [LeOra Software, Berkeley, CA]) and adjusted for body weight.
Labeling of Cry1Ac and Cry1Aa toxins. Cry1Aa and Cry1Ac toxins used for binding experiments were obtained from recombinant B. thuringiensis strains EG1273 and EG11070, respectively. Both toxins were activated with trypsin, dialyzed overnight, and purified by anion-exchange chromatography in a MonoQ HR 5/50 column using an Ä KTA Explorer 100 system (GE Healthcare, Uppsala, Sweden) with a 30-ml gradient of 20 mM Tris-HCl (pH 8.6) to 20 mM Tris-HCl (pH 8.6) and 1 M NaCl, as described by Estela et al. (12) . Sample purity was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and the protein concentration was determined by densitometric analysis using bovine serum albumin as a standard.
Labeling of Cry1Aa and Cry1Ac was performed by incubating 20 g of toxin with 0.30 mCi of [ 125 I]NaI (Nucliber, Madrid, Spain) using chloramine-T (50). Toxins were labeled twice to have relatively freshly labeled toxins throughout the study. The specific activities obtained for Cry1Aa and Cry1Ac were, respectively, 2.3 and 47 mCi/mg (first labeling) and 0.6 and 1.4 mCi/mg (second labeling).
BBMV preparation and binding assays. Fifth-instar AR and SC larvae were dissected in MET buffer (250 mM mannitol, 17 mM Tris-HCl, 5 mM EGTA [pH 7.5]), and midguts were removed and frozen at Ϫ80°C. Frozen midguts were shipped on dry ice to the University of Valencia. Brush border membrane vesicles (BBMV) were prepared by the differential magnesium precipitation method (52) , frozen in liquid nitrogen, and stored at Ϫ80°C until used. BBMV protein concentrations were determined according to the method of Bradford (5).
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B. THURINGIENSIS Cry1Ac-RESISTANT H. ZEA Binding experiments were performed as previously described (12) . A fixed amount of 125 I-labeled toxins and BBMV (0.05 mg/ml) was incubated for 1 h at room temperature with increasing the concentrations of unlabeled homologous toxin in a 0.1-ml final volume of binding buffer (PBS-0.1% BSA; 1 mM KH 2 PO 4 , 10 mM Na 2 HPO 4 , 137 mM NaCl, 2.7 mM KCl [pH 7.4], 0.1% bovine serum albumin). After 10 min of centrifugation at 16,000 ϫ g, the pellets were washed twice in binding buffer. The final radioactivity remaining in the BBMV pellets was measured in a 1282 Compugamma CS gamma counter (LKB Pharmacia). Experiments were replicated four times with SC and twice with each AR batch. N-Acetylgalactosamine (GalNAc) was obtained from Sigma (St. Louis, MO). Cry1Ac binding in the presence of the GalNAc inhibitor was performed as described above, but with a preincubation of 125 I-labeled Cry1Ac with GalNAc for 45 min at room temperature prior to the start of the assay with the addition of the BBMV. Experiments were replicated three times.
Data analysis. Bioassay data were analyzed by probit analysis (15) using Polo Plus. LC 50 values with nonoverlapping 95% fiducial limits were considered as significantly different. RR values were calculated by dividing the LC 50 values for AR or MR by that of SC. The percent weight loss data for AR and SC in Cry1Ab and Cry2Ab cross-resistance studies was subjected to paired t tests using SPSS (44) . A chi-square test was conducted to test for significant differences between ratios of MVP II and Cry1Ac activated toxin LC 50 values for both AR and SC. Binding results were analyzed by using the LIGAND computer program (37) .
RESULTS
Selection response in AR and MR.
There was a significant increase in resistance after four generations of selection using Cry1Ac activated toxin (AR) and MVP II (MR) compared to the SC (Table 1) . During the first seven generations, the rate of resistance evolution was three times faster in AR than in MR. The rate of resistance evolution in AR increased with an increase in selection pressure, and 12-, 36-, and 123-fold resistances were observed after 4, 7, and 11 generations of selection, respectively (Table 1 ). Resistance (based on mortality) in AR did not increase further, as the selection concentration was not increased above 500 g/g of diet due to limited toxin availability; however, there has been an increase in the num- ber of large (third-instar) larvae in subsequent generations (K. J. Anilkumar, unpublished data). Resistance in MR did not increase above 17-fold, even after selecting at higher concentrations for three additional generations (Table 1) . Selection in MR could not be continued beyond 8 generations due to reduced larval numbers (lower-percentage egg hatch), ultimately leading to loss of the strain after 11 generations.
Cross-resistance of AR to MVP II. The ratio of LC 50 values for MVP II to that of Cry1Ac activated toxin for both strains indicated significant ( 2 ϭ 6.16, P ϭ 0.01, df ϭ 1) differences ( Table 2 ). Based on these ratios MVP II was more toxic to AR than expected (it should be less toxic, as observed in SC), resulting in only partial cross-resistance (Table 2) .
Cross-resistance of AR to other B. thuringiensis proteins and cypermethrin. There was significant cross-resistance to Cry1Ab activated toxin (Table 3 ). AR larvae lost significantly (t ϭ 14.70, P ϭ 0.045) less (11%) weight compared to SC at the highest concentration of Cry1Ab-expressing corn powder (3.84 g/g) able to be incorporated in the diet (Fig. 1a ). There was no cross-resistance to Cry2Aa2 protoxin inclusion bodies, Cry2Ab2-expressing corn powder (Fig. 1b , t ϭ Ϫ0.385, P ϭ 0.72), Vip3A, and cypermethrin (Table 3 ). AR was also tested with cypermethrin while being reared on diet containing 500 g/g of Cry1Ac activated toxin. The results (45.8% Ϯ 5.9% mortality at 1.99 ng/mg of body weight) were not different when AR was reared on a regular diet (containing no Cry1Ac).
Binding of 125 I-labeled Cry1A toxins to BBMV. Binding of 125 I-labeled Cry1Ac to BBMV from AR and SC did not show significant differences even when AR was at its highest resistance ratio. As shown in Fig. 2a , homologous competition curves followed a similar pattern with BBMV from both strains. Binding parameters (the dissociation constant [K d ] and the concentration of binding sites [R t ]) obtained from the competition experiments were not significantly different (t tests, P Ͼ 0.05; Table 4 ). Binding of Cry1Aa was tested because this toxin shares binding sites with Cry1Ac (24), and it has been shown that, in some resistant strains, alteration of a Cry1A common binding site may be observed when no differences with Cry1Ac are detected due to contribution of other binding sites (29, 43) . In our case, binding of 125 I-labeled Cry1Aa did not show significant differences between SC and AR (Fig. 2b , Table 4 ).
To differentiate between binding of Cry1Ac that takes place solely through domain II from binding that requires domain III, GalNAc was used as a diagnostic tool, since this sugar inhibits binding of Cry1Ac through domain III to GalNAc residues in the membrane. Preincubation of 125 I-labeled Cry1Ac with GalNAc prior to BBMV resulted in partial inhi- bition of binding (ϳ34%); however, this inhibition was similar in both strains (Fig. 3) .
DISCUSSION
Since the advent of transgenic Bt crops, determining the most appropriate form of a B. thuringiensis protein for resistance selection has been an issue for debate. There is a fine balance between what forms of the protein(s) are (i) expressed in plants, (ii) present in insects upon ingestion, (iii) available for testing, and (iv) relatively toxic to the target insects (requiring large quantities of protein if susceptibility is low). Historically, and in some cases currently, truncated B. thuringiensis proteins are expressed within transgenic plants, in other cases, full-length protoxins are expressed. However, recent reports by Gao et al. (16) and Li et al. (31) demonstrate that what the insect actually ingests may be different than what is originally expressed in the plant. As a result, researchers are faced with the dilemma of choosing the most appropriate form of the protein while facing potential logistical constraints. Choosing is not an easy task because insects can vary in their susceptibility to the various forms of B. thuringiensis proteins (26) .
Our results demonstrate that Cry1Ac-resistant H. zea can be selected and maintained using Cry1Ac activated toxin in the laboratory. The laboratory strain originating from Monsanto has had annual infusions of H. zea collected from corn and therefore should have higher genetic variability (and therefore higher B. thuringiensis-resistant allele frequency) than laboratory colonies with no infusion of field-derived insects. Our initial LC 50 values for SC of 9 g/g of diet (Cry1Ac toxin) and 26 g/g of diet (MVP II) are significantly higher than those reported by Luttrell et al. (33) for Cry1Ac toxin (0.02 g/g of diet for colony 9103Z) and Ali et al. (3) for MVP II (2.08 g/g of diet), respectively, for their laboratory H. zea colony that has had no infusion of field insects for at least 10 years. If we compare the LC 50 of AR at generation 19 to 9103Z, we would observe an RR of ϳ69,500. Although other variables such as bioassay methodology and host strain need to be considered, these results suggest that H. zea can be selected to have tremendous differences in Cry1Ac susceptibility relative to a highly homogeneous laboratory colony. Higher levels of resistance in AR were not sought due to the naturally high tolerance to Cry1Ac and the cannibalistic nature of H. zea, both resulting in the need for relatively large quantities of Cry1Ac activated toxin to rear these insects individually. The availability of appropriate selection materials, especially purified protein and plant material, is still a major constraint for producing resistant colonies, especially for insects that have a relatively high tolerance to B. thuringiensis proteins such as H. zea.
Resistance development in AR was relatively quick compared to reports for other insects (2, 18) . Possible reasons for this relatively rapid rate of resistance evolution include the selection of only larvae that had molted, thereby eliminating a higher percentage of susceptible insects in each generation (3); the use of Cry1Ac activated toxin; and a relatively high initial Cry1Ac toxin resistance allele frequency (6) . A relatively rapid rate of resistance evolution was also observed in Spodoptera exigua and another strain of H. zea selected using Cry1C and Cry1Ac activated toxins, respectively (33, 35) . The loss of MR after achieving only 17-fold resistance contrasts with reports for H. virescens (17, 18) and P. gossypiella (46, 48) . However, our current results with H. zea agree with previous unpublished observations by at least two different laboratories. Furthermore, concurrent selection with the same parental colony (SC) resulting in moderately high and stable resistance to Cry1Ac toxin but not to MVP II further validates prior reports. Only partial cross-resistance in AR to MVP II suggests further that MVP II may not be the most effective Cry1Ac selection agent against H. zea considering that the Cry1Ac toxin fragment in MVP II is identical to the Cry1Ac toxin used in selection (8) . This view is based on the following assumptions: (i) Cry1Ac protoxin (as in MVP II) is not the only or primary form of Cry1Ac ingested by H. zea when feeding on Bt cotton and (ii) the genes necessary to develop resistance to the Cry1Ac protoxin inclusion bodies (as in MVP II) were as high in the population as that for Cry1Ac activated toxin (6) .
There was a 2.1-to 2.8-fold difference in toxicity between Cry1Ac activated toxin and MVP II for SC, and an ϳ2-fold difference would be expected after cleavage of Cry1Ac from ϳ130 to ϳ65 kDa (35) . Therefore, H. zea (SC) does not appear to have difficulty converting protoxin to toxin, although potential difficulties could have been masked by the increased toxicity of other compounds in MVP II (sublethal toxicity to heat-treated MVP II was observed at the highest rate of MVP II tested in MR selection studies [W. J. Moar, unpublished data] ). MVP II is used to determine H. zea susceptibility in field populations as part of the Environmental Protection Agency-mandated B. thuringiensis resistance monitoring program. Although the precise form and ratio of Cry1Ac toxin and protoxin in Bt cotton is uncertain, results presented here suggest that the specific methodologies used for determining H. zea susceptibility to Cry1Ac in the monitoring program should carefully consider the form of Cry1Ac protein used. Our results suggest that, if relatively low levels of field resistance were to evolve comparable to that which developed in AR, monitoring bioassays using MVP II might not be able to identify these resistant individuals.
Cross-resistance studies are invaluable for determining suitable insecticidal compounds for pyramiding with Cry1Ac, as well as to help determine possible resistance mechanisms. Current resistance management theory promotes the sequential or simultaneous use of different insecticidal compounds provided that cross-resistance does not occur among these different toxins (41) . As also reported for other Cry1Ac-resistant insects (2, 17, 33, 45, 46, 48, 51) , AR was cross-resistant to Cry1Ab. This is not unexpected because Cry1Ab and Cry1Ac toxins share Ͼ90% amino acid homology (8) . However, this cross-resistance is unlikely to be related to changes in binding affinity of Cry1A toxins because no binding differences were observed between SC and AR (24) . Only slight cross-resistance to Cry1Ab corn leaf powder indicates either a possible interaction of Cry protein with leaf secondary metabolites or that most or all of the Cry1Ab was only partially activated and that AR may have difficulty in proteolytically cleaving the protoxin. The fact that corn leaf material was immediately freeze-dried after harvesting and then ground into powder suggests that plant proteases might have been unable to degrade or activate Cry1Ab until after ingestion, indirectly implicating proteolysis as a potential resistance mechanism. Cry1Ab protoxin activation in corn is further supported from a recent study that showed that corn extract partially activated Cry1Ab protoxin, suggesting that Cry1Ab protoxin is partially activated by proteases in Bt corn (31) .
Lack of cross-resistance to Cry2Aa2 and Cry2Ab2 was probably due to differences in the amino acid sequence and mode of action between Cry1Ac and Cry2A (8, 9) . Cry1Ac-resistant H. virescens (strain YHD2), P. gossypiella, and H. armigera have shown no detectable cross-resistance to Cry2A proteins (2, 17, 46, 48) . Therefore, our results also confirm that the use of Cry2Ab2 pyramided with Cry1Ac (as occurs in Bollgard II) should be a viable approach for managing potential resistance to Cry1Ac. There was also no cross-resistance to Vip3A in AR. This would be expected because this protein does not share any sequence homology with Cry1Ac and is known to bind to separate receptors (13, 30, 54) . Therefore, these results suggest that Vip3A would also be a valuable asset in pyramiding B. thuringiensis proteins for delaying B. thuringiensis resistance development in H. zea (as occurs in VipCot).
Cypermethrin was tested for cross-resistance in AR because growers often spray Bt cotton with pyrethroids when high H. zea populations exist, and pyrethroid oversprays are currently recommended to mitigate H. zea resistance to Bt cotton (21) . AR was tested with cypermethrin both on untreated diet and on Cry1Ac-treated diet. The primary reasoning behind the use of Cry1Ac-treated diet was to more realistically simulate pyrethroid exposure to a potentially B. thuringiensis-resistant H. zea larva feeding on Bt cotton. Because no cross-resistance to cypermethrin was observed for larvae feeding either on untreated or on Cry1Ac-treated diet, these results suggest that pyrethroids can continue to be used when necessary and probably have been a valuable Bt cotton IRM practice since the introduction of Bt cotton in 1996.
The narrow spectrum of B. thuringiensis resistance suggests an alteration in the binding site of Cry1Ac (14) . However, in contrast to other Cry1Ac resistant insects, we did not detect any significant reduction in binding. Lack of Cry1Ac binding has been reported in some Cry1Ac-resistant populations of H. virescens (23) , P. gossypiella (36) , H. armigera (2), P. xylostella (42, 47) , and T. ni (51) . Because Cry1Ac is known to bind to GalNAc residues of glycosylated membrane proteins (27) , we tried to dissect Cry1Ac binding using GalNAc as an inhibitor, thus discriminating between GalNAc-dependent and GalNAcindependent binding (12) . Again, we could not find any binding difference between these strains. Another way to look for binding alterations is to use different Cry1A toxins known to bind to a common receptor. Cry1Aa, Cry1Ab, and Cry1Ac share binding sites in H. zea (24) . Although Cry1Aa has low toxicity to H. zea, this toxin was used in binding analyses as a diagnostic tool because it has been shown that in H. virescens and Ostrinia nubilalis, resistant insects that showed reduced or no binding of Cry1Aa to the Cry1A common receptor, it still could bind Cry1Ac (29, 43) . Similar to Cry1Ac, there were no significant differences in Cry1Aa binding in terms of either dissociation constants (K d ) or concentration of binding sites (R t ) for Cry1Aa among the samples. Therefore, reduction in binding does not seem to be the mechanism of resistance in AR, in spite of the narrow spectrum of cross-resistance observed. The fact that total cross-resistance does not even extend to protoxin forms of Cry1Ac (MVP II) and Cry1Ab (Bt VOL. 74, 2008 B. THURINGIENSIS Cry1Ac-RESISTANT H. ZEA corn powder) might be indicative of a differential activation of protoxin in the insect midgut, as opposed to in vitro bovinetrypsin activation (25, 38) . Alternatively, the C-terminal end of the protoxin may protect the active toxin from the degradative action of midgut proteases, resulting in a higher yield of the fully active toxin (7, 32) . Results from the present study demonstrate that broad assumptions cannot be made that all target pests will respond in the same manner to a particular B. thuringiensis (protein or formulation). Because AR represents just a single strain, additional selections against geographically distinct H. zea populations are recommended to determine potential different resistance characteristics, as has been demonstrated for H. virescens (17, 18) . Although AR is currently only ϳ100-fold resistant to Cry1Ac, we feel that this level of resistance is appropriate for characterization because (i) H. zea is 10-to 40-fold less susceptible to Cry1Ac than H. virescens or P. gossypiella; (ii) a lower level of resistance necessary to survive on Bt cotton might be expected, and lower levels of B. thuringiensis resistance not resulting in total survivorship on Bt cotton might be appropriate for initiating alternative control strategies; and (iii) higher levels of resistance are difficult to achieve due to logistical constraints. We have shown that H. zea does react differently to Cry1Ac activated toxin and MVP II than other cotton pests, and therefore this information can be used to more adequately adopt cotton IRM strategies for all target pests. Possible implications could include the following: if H. zea has difficulty evolving resistance to full-length or mature forms of B. thuringiensis proteins (as suggested for MVP II), proteins could be designed appropriately; and if resistance is not primarily due to binding differences, other potential resistance mechanisms should be explored. Our results also show that Cry1Ac-resistant H. zea is susceptible to Cry2Ab2 (found in Bollgard II), Vip3A (found in VipCot), and pyrethroids such as cypermethrin. These results show that the cotton-growing community has many alternative control methods to help delay the evolution of Cry1Ac (and other B. thuringiensis proteins) resistance for the future.
